Abstract -Technologies of synchrophasor systems -PMUs, control systems -SCADA, and smart meter systems -AMI are core enabling technologies for Smart Grid. The integration of these advanced sensor technologies to accomplish expanded functional capabilities of smart grid are discussed and presented.
I. INTRODUCTION
The Smart Grid concept is the fundamental need to increase the reliability and efficiency of the transmission systems and centralized generating assets. The integration of phasor measurement units (PMUs) and other advanced sensors into comprehensive wide-area monitoring networks will enhance the situational awareness of the grid and enable system operators to react to system disturbances and anomalies more accurately and expeditiously. The data collected by these systems can be used to develop advanced operating procedures/algorithms and ultimately allow some level of automatic advanced control of the grid. The data from these systems could also be utilized to make the grid self healing by avoiding or mitigating power outages, power quality problems, and service disruptions.
The conventional technology used by grid operators for monitoring the grid is Supervisory Control and Data Acquisition (SCADA). These data are then used by the State Estimation (SE) application to determine and display the state of the power system. Synchrophasors are precise grid measurements taken by PMUs at high speed, typically 30 times per second, compared to one every 4 seconds using conventional technology. Each measurement is time-stamped according to a common time reference. Time-stamping allows synchrophasors from different utilities to be synchronized and combined, providing a precise and comprehensive view of a regional interconnection. Synchrophasor data enable the determination of grid stress and can be used to trigger corrective actions to maintain reliability.
Advanced Metering Infrastructure (AMI), or Smart Meter, and Demand Response (DR) as well as advanced system automation are core enabling technologies for Smart Grid.
Beyond automated meter reads for billing purposes, Smart Meters serve as information gateways to customer premises. They provide hourly, 15-minute interval, or more frequent meter reads to support dynamic pricing programs, improve revenue management, proactive customer communications to reveal energy efficiency and conservation opportunities as well as consumption and billing alerts. They may also include control functions like remote disconnect/reconnect to streamline customer operations and demand-limiting or prepayment capability to help customers manage their energy consumptions and budgets. Hence the remote metering devices linked through the AMI network providing time stamped data serve as synchro-sensors [1] .
The integration of PMU, SCADA, and AMI systems to accomplish expanded functional capabilities of Smart Grid will be discussed.
II. INTEGRATION OF ADVANCED SENSORS
A typical AMI system has a Central Net Server computer to handle all communications to the remote intelligent devices, maintains the data-base of communication paths and nodes, transponder addresses and path parameters to access the transponders. This computer is linked through gateways to the remote devices and is also to other parties' service computers, such as the Customer Billing, the Demand Response Dispatch, the Service and Maintenance computers.
Fig. 1 AMI system infrastructure
A schematic diagram of the AMI infrastructure linking all the parts into an operational network is shown in Fig. 1 . A link to the distribution substation SCADA is also shown in the diagram.
To expand AMI capabilities to support Smart Grid operations, SCADA is integrated into the AMI system. SCADA controls and monitors the network connected to the substation bus. It monitors the energy flow on each phase of the feeders served by the substation bus. The SCADA system also alerts the AMI system when an unusual condition arises at the distribution network. Detection of a fault current on a phase of a feeder can help the AMI system trigger a polling operation to determine the extent of an outage.
Satellite and communication technology are used to implement PMU technology to optimize electric power generation and transmission operation to a level that were unheard of before. Power flow, frequency and voltage stability control, monitoring system stability limits, etc. are greatly enhanced. This technology is at this moment primarily used at the generation and transmission level and has helped Independent System Operators and Regional Transmission Operators to coordinate their operation more effectively.
The most popular Smart Grid functions that are nowadays considered by many electric utilities can be grouped under several main categories. Load management is accomplished by scheduled turning on and off of groups of cyclic loads to reduce coincident peak demand. Such loads are central air conditioners, water heaters and electric heating systems. Time-of-Use (TOU) rate is another form of load control which involves customer active participation. Different rates apply for peak, shoulder and base load periods. The profile of how energy is used by the customers can be used to select candidates for TOU rates. Continued time synchronized interval reading of the electric meters will also generate information how effective TOU is to reduce total system peak demand.
One important application to enhance the service reliability is the Outage Management Application. The first step is the need to identify that a fault has occurred at the network and its extent. Outage mapping is the ability to detect the extent of an outage. The next step is to isolate the faulty segment of the network and re-energize the healthy portions of the network from a different source. Hence fault isolation and system restoration are part of outage management system.
Bad load distribution on the phases causes unequal voltage drops on the different phases. Voltage unbalance on a feeder increases line losses and problems with motors. Unbalance is defined as the ratio of the negative sequence voltages to the positive sequence voltages.
If the absolute values of the line to line voltages are defined as a = V ab , b = V bc  and c = V ca  then the Voltage Unbalance Factor can be expressed by the above equation. In the expression above, the absolute value of V ab  is assumed to be the largest in magnitude and x and y are set equal to x = (b/a) and y = (c/a). In Europe, the standards limit the unbalance to 2% at the medium voltage level. In the USA ANSI C84.1 Annex 1 and NEMA MG1, voltage unbalances in excess of 1% requires a de-rating of motors.
Certain types of loads, high impedance faults, increased voltage levels at the distribution transformers causing the transformer core to saturate, etc. generate harmonics. Burst transient phenomena can also impair the operation of electronic devices and accuracy of digital devices. Revenue meters are affected by distorted voltages and currents.
Monitoring power quality at strategic locations of the network helps to identify the cause and measures can be taken to avoid conditions affecting the quality of the power delivery. One possible method is to determine the total harmonic distortion (THD) of the service voltage for each interval T which can be calculated and lasting for several consecutive intervals (N*T). They are stored at the monitoring device for later retrieval. At the site where the THD is maximum could be an indication where the source is that causes the harmonic distortion.
Switching in and out of large electric motors causes voltage dips which can last for quite a few cycles of the 60 Hz. Transponders installed at some strategic locations can detect and recognize voltage dips using a differential technique algorithm.
III. CONCLUSIONS
PMUs or synchrophasor systems, SCADA systems, and AMI or smart meter systems, as well as other advanced system automation are core enabling technologies for Smart Grid. The integration of these advanced sensor technologies into comprehensive wide-area monitoring networks will enhance the situational awareness of the grid and enable system operators to react to system disturbances and anomalies more accurately and expeditiously. An overview of the integration of these different technology systems is discussed and presented.
